Previous studies show that the first principal mode of the variability of the seasonal mean Hadley circulation (HC) is an equatorial asymmetric mode (AM) with long-term trend. This study demonstrates that the variability of the boreal autumn [September-November (SON)] HC is also dominated by an AM, but with multidecadal variability. The SON AM has ascending and descending branches located at approximately 208N and 208S, respectively, and explains about 40% of the total variance. Further analysis reveals that the AM is closely linked to the Atlantic multidecadal oscillation (AMO), which is associated with a large cross-equatorial sea surface temperature (SST) gradient and sea level pressure (SLP) gradient. The cross-equatorial thermal contrast further induces an equatorial asymmetric HC anomaly. Numerical simulations conducted on an atmospheric general circulation model also suggest that AMO-associated SST anomalies can also induce a cross-equatorial SLP gradient and anomalous vertical shear of the meridional wind at the equator, both of which indicate asymmetric HC anomaly. Therefore, the AM of the variability of the boreal autumn HC has close links to the AMO. Further analysis demonstrates that the AMO in SON has a closer relationship with AM than those in the other seasons. A possible reason is that the AMO-associated zonal mean SST anomaly in the tropics has differences among the four seasons, which leads to different atmospheric circulation responses.
Introduction
The Hadley circulation (HC) is a large-scale thermally driven atmospheric circulation, rising in the deep tropics and sinking in the subtropics (Held and Hou 1980) . It transports momentum and heat from low to high latitudes and converges water vapor from the subtropics to the deep tropics. As a result, the HC has remarkable impacts on both tropical and extratropical climates (e.g., Lindzen 1994; Hou 1998; Chang 1995; Diaz and Bradley 2004) .
Given the importance of the HC, many studies focused on the long-term changes of the HC strength and width. Chen et al. (2002) and Wielicki et al. (2002) found that the HC strengthened between 1985 and 2000 by analyzing the solar flux and radiation budgets. Quan et al. (2004) also reported an intensification of the boreal winter [December-February (DJF) ] HC since the 1950s. Similar results were reported by Ma and Li (2007, 2008) , Mitas and Clement (2005) , and Hu et al. (2005) . However, the long-term change of the HC strength has uncertainties in boreal summer [JuneAugust (JJA) ]. Some studies remarked that the HC strength has minor changes in JJA (e.g., Tanaka et al. 2004; Mitas and Clement 2006; Sun and Zhou 2014) , whereas Feng et al. (2011) argued that the boreal summer HC has been weakened. Zhao and Moore (2008) also reported a decreasing trend in the regional meridional circulation over Asia and Africa. On the other hand, Fu et al. (2006) reported that the HC boundary shifted poleward by approximately 28 latitude during the period of 1979-2005, indicating an expansion of the HC. Hu and Fu (2007) found that the HC expansion primarily occurs in boreal summer and autumn seasons. Some studies further explored the HC expansion by comparing general circulation model (GCM) simulation results and observations, attempting to figure out the causes of the expansion (e.g., Frierson et al. 2007; Lu et al. 2007; Johanson and Fu 2009 ).
The principal modes of the variability of the HC are also intensively studied. Dima and Wallace (2003) investigated the annual march of the climatological mean HC and found it is dominated by two components: a solstitial cell varying sinusoidally and seasonally, with rising (descending) motion in the summer (winter) hemisphere, and a seasonally invariant pair of cells, with rising (descending) motion at the equator (subtropics). Ma and Li (2008) investigated the principal modes of the year-to-year variability of the DJF HC, showing that the first principal mode (EOF 1) is asymmetric about the equator (asymmetric mode) and the second principal mode (EOF 2) is symmetric about the equator (symmetric mode). The asymmetric mode (AM) displays a long-term upward trend, while the symmetric mode (SM) exhibits interannual variability. The AM and SM also exist in the boreal summer (Feng et al. 2011 ) and spring [March-May (MAM)] . The AM and SM in MAM and JJA also display a long-term trend and interannual variability, respectively.
The AM encompasses cross-equatorial low-level wind (e.g., Feng and Li 2013) , which burdens energy transport across the equator and influences the tropical precipitation (e.g., Friedman et al. 2013; Donohoe et al. 2014) . The AM is a solstitial cell with a crossequatorial mean meridional circulation anomaly, as depicted by Dima and Wallace (2003) . The mean meridional circulation is sensitive to the meridional sea surface temperature (SST) gradient (e.g., Feng et al. 2013; Hu et al. 2014; Zhan et al. 2013 ). More generally, as reviewed by Chiang and Friedman (2012) , any factors that cause interhemispheric thermal contrast could induce meridionally asymmetric circulation anomaly.
The tropical SST anomaly (SSTA) patterns are important to the interhemispheric thermal contrast. Feng et al. (2013) pointed out that the AM in MAM shows long-term trend because the southern tropical ocean warms faster than the northern tropics. A GCM study by Mantsis and Clement (2009) showed that there is a multidecadal signal in the annual mean cross-equatorial circulation, which is associated with the interhemispheric SST difference. Sun et al. (2013) pointed out that the EOF-3 mode of the zonally averaged SSTA presents an interhemispheric dipole mode that has multidecadal variability. They further suggested that the interhemispheric dipole mode is critical to the crossequatorial wind.
Given that the AM is closely linked with the crossequatorial thermal gradient, it is an interesting question whether the AM has multidecadal variability. The multidecadal signal exists in the annual mean crossequatorial circulation (e.g., Mantsis and Clement 2009) , while the previous studies proved that the AMs of the variability of the boreal spring , summer (Feng et al. 2011) , and winter (Ma and Li 2008) HCs have long-term trends. Is it possible that there exists a multidecadal signal in the principal modes of the variability of the boreal autumn [SeptemberNovember (SON)] HC? Most previous studies have focused on the HC variability in solstitial seasons (e.g., Ma and Li 2008; Feng et al. 2011; Tanaka et al. 2004; Mitas and Clement 2005; Quan et al. 2004 ); however, the study by Feng et al. (2013) drew attention to the equinoctial season. It is necessary to investigate the principal modes of the HC variability in SON, which is rarely addressed in previous studies. Is the SON HC variability also dominated by the AM? If so, how does it change?
The primary goal of this study is to explore the spatial and temporal characteristics of the principal modes of the variability of the SON HC, the relationship with the SSTA, and the potential climate impacts. The remainder of the manuscript is arranged as follows: Section 2 describes the data sources and methodologies employed in this paper. Section 3 presents the spatial and temporal characteristics of the principal modes of the variability of the SON HC. Links between the principal modes and the SSTA are shown in section 4. Section 5 presents numerical simulations to further support observational results. Section 6 discusses the potential impacts of the principal modes of the SON HC variability on the tropical precipitation. Finally, a summary and discussion are presented in section 7.
Datasets and methodology

a. Observational datasets
The reanalysis datasets of the atmospheric fields used in this study include the following: 1) National Centers for Environmental Prediction (NCEP)-National Center for Atmospheric Research (NCAR) reanalysis (NCEP-1); the horizontal resolution is 2.58 3 2.58 with 17 vertical levels, covering the period from 1948 to the present (Kalnay et al. 1996) . 2) The Twentieth Century Reanalysis (20CR) data, which have a horizontal resolution of 28 3 28 and 24 vertical levels, covering the period from 1871 to 2010 (Compo et al. 2011 ).
3) NCEP-Department of Energy (DOE) Atmospheric
Model Intercomparison Project (AMIP)-II Reanalysis (NCEP-2) data, which covers the period from 1979 to the present, with a horizontal resolution of 2.58 3 2.58 and 17 vertical levels (Kanamitsu et al. 2002) . 4) Japanese 25-Year Reanalysis data (JRA-25; Onogi et al. 2005 ), based on a 2.58 3 2.58 latitude-longitude grid with 23 vertical levels. 5) NCEP Climate Forecast System Reanalysis (CFSR) dataset from 1979 to the present, which has a horizontal resolution of 2.58 3 2.58 with 37 vertical levels (Saha et al. 2010 (Rienecker et al. 2011 ).
The SST data are from the Extended Reconstructed SST version 3b dataset (ERSST V3b; Smith et al. 2008) , which covers the period from 1854 to present and has a horizontal resolution of 28 3 28. The global land precipitation data are from the Climate Research Unit (CRU) dataset, covering the period of 1901-2011 with horizontal resolution of 0.58 3 0.58 (Mitchell and Jones 2005) .
We also used the model data of AMIP simulations for the phase 5 of the Coupled Model Intercomparison Project (CMIP5), which can provide more evidence to support the reanalyses. Three models (CanAM4, IPSL-CM5A-MR, and GISS-E2-R) are chosen because they have time coverage from 1950 to near present. Models with multiple runs are averaged over all runs.
b. Methodology
The meridional streamfunction (MSF) is used to characterize the HC. It is calculated by vertically integrating the zonal mean meridional wind (Holton 1992; Li 2001 ). Positive (negative) MSF values indicate a clockwise (anticlockwise) circulation. The MSF is defined as
where [y] is the zonal mean meridional wind, R is the radius of Earth, f is the latitude, g is the acceleration due to gravity, and p is atmospheric pressure. The overbar and brackets indicate the temporal and zonal mean, respectively. The interval of the integral is from 10 hPa to the surface. The differences in zonal mean meridional winds between 850 and 200 hPa are used to represent the HC strength (e.g., Feng et al. 2013 ). The empirical orthogonal function (EOF) analysis is used to extract the principal modes of the year-to-year variability of the HC.
c. Model description
In this study we used an atmospheric GCM, the Community Atmosphere Model version 5.0 (CAM5), to further explore the underlying mechanisms involved in HC variability. CAM5 is the atmospheric component of the Community Earth System Model (CESM), and it has 30 vertical layers from the surface to 2.25 hPa. All simulations performed as part of this work were performed at a horizontal resolution of 1.98 3 2.58. For the AM, the circulation centers are confined between 158S and 158N for all datasets, indicating an anticlockwise cell assuming the PC is positive. But discrepancies exist in both strength and spatial structure. NCEP-1 and NCEP-2 extend their main bodies to about 308S, while 20CR and JRA-25 present a quite weak clockwise cell over 208-408S. In Northern Hemisphere (NH), there also exist clockwise cells next to the main body for all the datasets except for JRA-25, which extends its main body to the high latitudes. It is worth noting that the AMs of the SON and MAM HC variability are different. The AM in SON has a much wider latitudinal extent, covering approximately 408 of latitude, while it only covers 308 of latitude in MAM . This difference may lead to different climatic impacts in the extratropics in these two seasons.
The SM has two cells located at the flanks of the equator, which have comparable magnitudes with opposite signs. The SMs account for 13.7% to 30.5% of the total variance and cover the latitude band 158S-158N, while only JRA-25 extends both of its two cells to the high latitudes; thus one should be cautious when using the JRA-25 to analyze the SM. The relative strengths of the two cells from NCEP-1 and 20CR are different from those of the other reanalyses. The former shows much stronger northern cells than southern cells, while the latter shows comparable strengths of the two cells.
One of the main differences of the first two principal modes between ERAI and the other reanalyses is the sequence of AM and SM. PC1 of ERAI has high (low) correlation coefficients, R . 0.58 (R , 0.55), with the PC2 (PC1) of the other reanalyses. Similarly, the EOF-1 mode of ERAI has high (low) pattern correlation coefficients with the EOF-2 (EOF-1) modes of the other datasets: R ranges from 0.68 to 0.96 (0.08 to 0.68). This indicates that the EOF-1 mode of ERAI is SM, which occurs as EOF-2 modes in the other reanalyses.
Another important difference is that the EOF-1 modes of MERRA and ERA-40 present anomalous cells accompanied with the main body of AM in the Northern Hemisphere, which does not occur in the other reanalyses ( Mitas and Clement (2006) pointed out that the strengthening trend of HC may be artificial because of the instrumental system biases of the radiosonde observation (Santer et al. 2005) . The radiosonde observation data may damp the temperature trends at middle to high levels in the tropical troposphere, which leads to a biased lapse rate and induces the artificial strengthening trends of the HC. By comparing reanalyses and model outputs, Feng et al. (2011) suggested that the trend of HC in JJA for ERA-40 may be artificial. Held and Soden (2006) suggested that the tropical circulation would be weakened rather than strengthened in response to global warming. Thus, the strengthening trends of the HC should be treated with caution. Among the eight reanalyses, only ERA-40 and MERRA show an anomalous cell in the Northern Hemisphere (Figs. 1k,o) . The strengthening trends in MERRA and ERA-40 may be artificial given the study of Mitas and Clement (2006) , but further investigation is needed to verify the results.
The above results are based on the period of 1979-2010. In this study, we focus on the HC multidecadal variability. Figure 2 is the same as in are removed in order to explore the multidecadal signal. The climatological HC during the period of 1950-2010 (1950-2009 for the MME) has consistent spatial structure among different datasets. EOF-1 modes of all the three datasets show the AM, accounting for 32.9% (NCEP-1), 27.9% (20CR), 44.0% (MME) of the total variance. EOF-2 modes are SM for the three datasets, but the SM of NCEP-1 has much larger latitude coverage than those of 20CR and MME. The biases of the SM will not be discussed here because we mainly focus on the AM, which is more consistent in spatial structure among the different datasets. Figures 3a-c show the time series of the first principal modes shown in Fig. 2 . For the sake of convenience, the time series of the AM is defined as the asymmetric mode index (AMI). For the three datasets, the AMI presents a positive phase from 1950 to 1970, followed by a negative phase from 1970 to the 1990s, and then returns to a positive phase after the 1990s, indicating multidecadal variability, which can be more easily observed via the 11-yr running mean (Figs. 3a-c; indicated by red dashed curves). The correlation coefficients of the AMI among the three datasets are above 0.37, significant at 95% confidence level when using a two-tailed Student's t test with the effective number of degrees of freedom (e.g., Li et al. 2012) , which implies good consistency among different datasets. However, NCEP-1 shows larger amplitude of the multidecadal variability than the other two datasets, suggesting that uncertainty exists in the magnitude of the multidecadal variability.
Links between SST and the AM of the SON HC variability
To explore the connection between the multidecadal variability of the AM and the SST, Fig. 4a shows the correlation map between the AMI and the SSTA. The correlation coefficients display an interhemispheric dipole pattern, with positive (negative) correlation over most of the Northern (Southern) Hemisphere oceans, which implies that the relationship between the AMI and the SSTA has robust interhemispheric contrast. The correlation pattern is quite similar to the Atlantic multidecadal oscillation (AMO) pattern ( Fig. 4b ; Parker et al. 2007) , which is also closely associated with the EOF-3 of the global SSTA. Figure 4c shows the evolution of the AMI, the detrended AMO index (AMOI)-defined as the area-averaged SSTA over the North Atlantic (08-708N, 958W-308E) (Knight et al. 2005 )-and the PC3 of the global SSTA. The AMI has a close relationship with the AMOI, with a correlation coefficient of 0.57, which is significant at a 99.9% confidence level (Table 1 ). According to Sun et al. (2013) the EOF-3 of the zonal mean SSTA represents an interhemispheric dipole mode that is closely associated with the AMO. Mantsis and Clement (2009) documented that the multidecadal signal observed in the variability of the annual mean HC is related to the variability of the interhemispheric SST difference.
To further determine whether the AMO can lead to an AM-like circulation anomaly, Fig. 5 shows composite differences in the MSF, vertical velocity, zonal mean meridional wind, and mean meridional wind shear between 850 and 200 hPa based on the positive (AMOI greater than one standard deviation) and negative (AMOI less than one negative standard deviation) AMO phases. The composite difference of the MSF (Fig. 5a) shows an asymmetric structure, which resembles the AM, with a rising branch at 208N and sinking branch at 208S. The main body of the composite MSF anomaly is significant at 95% confidence level.
The composite difference of the vertical velocity (Fig. 5b) matches well with the composite MSF (Fig. 5a) , with strong ascending (descending) motion over 58-208N (58S-58N) . Nevertheless, the descending motion extends to the Northern Hemisphere and still indicates a solstitial pattern. The anomalous cell core may be located several degrees of latitude away from the equator; its location depends largely on the displacement of the thermal equator (e.g., Dima and Wallace 2003) , which may be determined by the location of the underlying heating center (e.g., Lindzen and Hou 1988) . Figure 5c shows the composite difference of the zonal mean meridional wind, which is strongly southerly in the lower troposphere and northerly over the upper troposphere, constituting a conspicuous cross-equatorial circulation anomaly. Figure 5d shows composites of the zonal mean meridional wind shear between 850 and 200 hPa based on positive and negative AMO phases. The wind shear is reversed between the two phases, implying that the positive and negative phases of the AMO can induce opposite asymmetric circulation anomalies. These results indicate a close relationship between the AMO and the AM in SON.
To further demonstrate that the above composite results do not depend on the methods, Fig. 6 shows regression patterns of the MSF and vertical velocity with respect to the AMOI. The regressed MSF (Fig. 6a) shows a similar pattern to that of the composite difference (Fig. 5a ). The regressed vertical velocity also displays a matchable pattern associated with the regressed MSF (Fig. 6b) , with rising and descending motions located over the north and south of the equator, respectively, constituting an asymmetric circulation anomaly.
The above analysis demonstrates that the occurrence of the AMO can induce asymmetric circulation anomaly. However, the correlation map between the AMI and the SSTA presents a global pattern (Fig. 4a) , indicating that the AMO may be not the only factor that can induce an asymmetric circulation anomaly. To evaluate the roles of the interhemispheric SST difference over different ocean basins, a composite analysis is performed based on the meridional asymmetric SST index (MASI) of each ocean basin. The MASI is defined as MASI 5 SSTA (58-158N) 2 SSTA (158-58S) ,
where the SSTA can be either a zonal or regional mean. The global ocean is divided into three sectors: the Indian Ocean (408-1108E), the Pacific Ocean (1208E-908W), and the Atlantic Ocean (108-608W). (Fig. 7a) shows an equatorially asymmetric pattern, with a rising (descending) branch over 108-208N (108-208S) . The main body of the regressed cell is significant at 95% confidence level (gray shading). The structure is similar to the AM and the composite difference of the MSF based on the AMOI (Figs. 5a and  6a ). The regressed vertical velocity (Fig. 7d) shows rising and sinking motions over the flanks of the equator, matching the structure of the MSF.
However, no significant asymmetric pattern was found for the MSF regressed with respect to the Pacific MASI. Although the regressed MSF exhibits an asymmetric structure over the middle and high troposphere, only that over the Northern Hemisphere is statistically significant (Fig. 7b) . The regressed vertical velocity shows upward (downward) motion at the equator (over the flanks of the equator), indicating a symmetric circulation anomaly (Fig. 7e) . The regressed MSF pattern with respect to the Indian Ocean MASI also presents a symmetric pattern, with clockwise and anticlockwise cells located at the north and south of the equator (Fig. 7c) . The corresponding regressed vertical velocity shows strong upward motion at the equator and downward motions over 108-208S and 108-208N, respectively.
The above analysis implies that the Atlantic Ocean is more related to the cross-equatorial circulation anomaly than the other two ocean basins. Thus, the AMO-related Atlantic MASI is crucial to the occurrence of the asymmetric circulation anomaly, indicating that the AMO may play a major role in the AM formation.
To illustrate how AMO induces cross-equatorial circulation anomaly, Fig. 8 shows the regression patterns of the zonally averaged SSTA, sea level pressure (SLP), vertical velocity at 500 hPa (w500), and meridional wind at 850 hPa (V850) and 100 hPa (V100), with respect to the AMOI. The regressed zonal mean SSTA (Fig. 8a) shows an obvious SST gradient across the equator, although the magnitude of the SSTA itself is not significant at a 90% confidence level. Yet, the corresponding SLP anomaly shows a significant cross-equatorial gradient (Fig. 8b) . The regressed w500 indicates strong ascending (descending) motion over the northern (southern) tropics (Fig. 8c) . Correspondingly, the regressed V850 shows strong southerlies in the lower troposphere, while V100 shows strong northerlies in the upper troposphere across the equator (Fig. 8d) , indicating a robust cross-equatorial circulation anomaly. The meridional wind anomalies are all statistically significant at a 90% confidence level.
Model simulation results
To further support the observational results, we performed five experiments with CAM5. The monthly observed SST and sea ice fields are from the United Kingdom Meteorological Office Hadley Centre for Climate Prediction and Research. The SST used in the control experiment (E1) is the monthly mean climatological SST based on the period of 1950-2010, which has only an annual cycle without year-to-year variability. In the four sensitivity experiments (E2-E5) the SST is as in E1, but other changes are made as follows: E2 was perturbed with AMO-associated SSTA; in E3, only the Atlantic Ocean (908S-908N, 808W-308E) was perturbed with AMO-associated SSTA; in E4, only the Pacific Ocean (908S-908N, 1608E-808W) was perturbed with the AMO-associated SSTA; and in E5, only the Indian Ocean (908S-908N, 408-1608E) was perturbed with the AMO-associated SSTA. In the sensitivity experiments, the SST perturbation was only exerted in SON. The AMO-associated SSTA is the composite SSTA difference between the positive (AMOI greater than one standard deviation) and negative (AMOI less than one negative standard deviation) AMO phases during the boreal autumn from 1950 to 2010. All the experiments were run for 35 continuous years, with the first five years used as the model spinup and the remaining 30 years of model outputs used for analysis. The analysis of the model results is based on the mean of the 30 model years. Figure 9a shows the climatological MSF and the zonal mean vertical velocity in E1. The MSF shows similar spatial patterns to those in observations (Fig. 2) , with the southern HC boundary extending into the Northern Hemisphere by approximately 108N, and the southern cell being approximately 25% stronger than the northern cell. The vertical velocity also matches well with the MSF. It shows upward (downward) motion over the deep tropics (subtropics). The strongest upward motion can be observed over the division region of the northern and southern Hadley cells. These results are consistent with observations, indicating good performance of the model. Figures 9b and 9c show the difference of MSF and vertical velocity between E2 and E1 (E2 2 E1). The MSF and vertical velocity differences present an equatorially asymmetric cell, with a rising branch located between 108 and 308N and descending branch near 188S. Figure 9d shows the difference (E2 2 E1) of vertical shear of the zonal mean meridional winds between 200 and 850 hPa. It reaches a minimum at the equator, indicating a strong anomalous cross-equatorial wind, while the climatology of this variable skews to 108S, corresponding to the climatological MSF (Fig. 9a) . The simulated anomalous circulation has similar spatial structure to the AM, indicating a closely relationship between AMO and AM. Figure 10 shows the differences of the SLP, V100, V850, and w500 between E2 and E1. The SLP difference (Fig. 10a) shows an obvious cross-equatorial gradient. Both V850 and V100 show a strong cross-equatorial meridional wind (Fig. 10b) , while w500 shows strong ascending and descending motions over the north and south of the equator, respectively (Fig. 10c) . These results are in agreement with the observations (Fig. 8) , further confirming that the AMO may play an important role in formation of the AM.
However, there is still difference in the magnitude of the circulation response to AMO between the simulation and the observations. The simulated SLP and vertical and meridional wind are generally larger than the observations. This is mainly because the AMO signal used in the model is larger than two standard deviations, and so the atmospheric response will be stronger than the observations. There are also other factors such as model biases that may affect the circulation response in the simulations. Although the uncertainty exists, the model results can still provide supports for the observational results.
To evaluate the contribution of different ocean basins to the AM, Fig. 11 shows difference of the MSF, vertical velocity, zonally averaged meridional wind shear between the other sensitivity experiments (E3, E4, and E5) and the control experiment (E1). For the MSF, both the Atlantic (E3 2 E1) and the Pacific (E4 2 E1) experiments show cross-equatorial circulation anomalies (Figs. 11a,d) . Strong cross-equatorial vertical shears of the zonal mean meridional wind also can be observed in these two experiments (Figs. 11c,f) . The vertical velocity anomaly of E3 2 E1 and E4 2 E1 show general upward (downward) motion over the Northern (Southern) Hemisphere. These results indicate that both the Atlantic and Pacific Oceans contribute to the formation of the cross-equatorial circulation anomaly. But the Atlantic Ocean induces broader latitude coverage of the MSF anomaly than does the Pacific Ocean (Figs. 11a,d) . Also, the Atlantic-induced cross-equatorial wind shear is approximately 30% stronger than that of the Pacific Ocean (Figs. 11c,f) . These results illustrate that the Atlantic Ocean is the main contributor to the crossequatorial circulation anomaly. As to the Indian Ocean (E5 2 E1), the significant MSF anomaly is confined to the Northern Hemisphere (Fig. 11g) . The vertical shear of the zonal mean meridional wind is symmetric about the equator (Fig. 11i) and strong upward motion is also seen just at the equator. These results indicate that the Indian Ocean has limited influence on the cross-equatorial circulation anomaly.
Possible influence on the tropical precipitation
According to the above discussion, the AM favors upward and downward vertical motions over the two hemispheric tropics (e.g., Figs. 5b, 6b, and 9c), and such circulation anomaly changes on multidecadal time scale. The AM may potentially have impacts on the tropical precipitation on multidecadal time scale. Figure 12a presents the correlation map between AMI and the land precipitation anomaly in SON during the period of 1950-2010. Positive correlation coefficients mainly occur over the lands of Northern Hemisphere, such as North Africa, northern India, the Indo-China Peninsula, and Mexico. Although there are also positive correlation coefficients over South Africa, most lands of the Southern Hemisphere have negative correlations, observed over the mainland of South America, the Maritime Continent, and the mainland of Australia.
In general, the AM has an opposite relationship with Northern and Southern Hemisphere land precipitation. This can be more clearly observed from the zonal mean profile of the correlation coefficients, which shows a dipole pattern with positive and negative correlation coefficients over the Northern and Southern Hemispheres, respectively (Fig. 12a) . Moreover, the precipitation difference between the northern tropics (NT; 08-308N) and the southern tropics (ST; 08-308S) shows multidecadal variability (Fig. 12b) , which has similar time evolution as the AMI (Fig. 3a) . This further suggests that the AM in SON may lead to a seesaw variability of the NT and ST precipitation. Previous studies have also remarked that the interhemispheric temperature gradient has important influence on the tropical precipitation and cross-equatorial energy transport (e.g., Donohoe et al. 2014; Chiang and Friedman 2012; Friedman et al. 2013; Sun et al. 2015a) , which is consistent with the results in this study.
Summary and discussion
a. Discussion
The HC asymmetric anomaly has been intensively studied. Theoretical study predicts that heating off the equator for several latitude degrees will induce profound asymmetries of the HC anomaly (Lindzen and Hou 1988) . This theory have been developed by many subsequent studies (e.g., Walker and Schneider 2006; Fang and Tung 1996, 1997; Adam and Paldor 2010) , most of which emphasized the cross-equatorial thermal gradient. Observational studies provide good support for the above theoretical studies. Feng et al. (2013a) shows that the AM in MAM exhibits a long-term trend because of the warming asymmetry between the northern and southern tropical oceans. Feng and Li (2013) also documented that as the warming of the El Niño Modoki is asymmetric about the equator, the HC presents asymmetric responses during the El Niño Modoki event, while the HC shows symmetric response in the canonical El Niño event. These studies focus on the cross-equatorial thermal gradient that originates from the tropics.
The extratropical forcing can also influence the crossequatorial thermal gradient. Kang et al. (2009) documented that extratropical warming or cooling would give rise to a cross-equatorial heat transport, which is accomplished by inducing a HC asymmetric response. This argument has a lot observation and simulation supports. For example, the slowdown of the Atlantic meridional overturning circulation (AMOC) led to the NH-wide cooling at the end of the 1960s, which is believed to have forced a southward shift of the intertropical convergence zone (ITCZ) over the eastern Pacific and Atlantic (e.g., Alley 2007; Manabe and Stouffer 1988; Chiang and Friedman 2012) . The results indicate an asymmetric response of the HC anomaly because the position of the ITCZ coincides with the HC upward branch (e.g., Donohoe et al. 2014) .
The AMO is one of the most important extratropical warming or cooling phenomena. It shows warming and cooling of the North Atlantic Ocean with a period of approximately 60 yr (e.g., Enfield et al. 2001; Knight et al. 2005; Sun et al. 2015b,c; Li et al. 2013a,b) . It can induce significant cross-equatorial SST and SLP gradients (Fig. 8 ) and leads to cross-equatorial flow that acts as the lower branch of the asymmetric HC anomaly. The cross-equatorial flow and SST gradient can be both reinforced because of the wind-evaporation-SST (WES) feedback (e.g., Xie and Philander 1994) . Additionally, another positive feedback from the convective heating can enhance the asymmetric HC anomaly and the SST pattern (Moura and Shukla 1981) .
A study by Friedman et al. (2013) pointed out the interhemispheric temperature asymmetry is an emerging indicator of the global climate change and is closely linked with the asymmetric HC anomaly and the tropical rainfall. They suggest that the AMO is an important factor that can influence the interhemispheric temperature asymmetry on multidecadal time scales. Therefore, it dominates the multidecadal variability of the AM and the southern and northern tropical rainfall difference. To figure out how much AMO contributes to the HC variability, Fig. 13 shows the explained variance of HC by AMO in each season. The explained variance in SON ranges from 5% to 50% in the tropics, which presents an AM-like distribution, indicating that the AMO relates closely to the asymmetric component of the HC. In JJA, the explained variance also displays an AM-like distribution but is much smaller (5%-20%) than that in SON. In MAM and DJF, the explained variances in the tropics are small (less than 15%) and no AM-like pattern is observed. It means that the explained variance of HC by AMO varies spatially and temporally. The largest explained variance occurs in SON and the second largest in JJA. In SON, the largest explained variance is at the low-level troposphere (700 hPa). The results also imply that the AMO in SON may have a unique feature that is different from the other seasons. Another interesting question is why AMs in the other three seasons do not show multidecadal variability. Table 1 displays the correlation coefficients between the AMI and MASI, the detrended MASI, and the AMOI in four seasons, respectively. The AMI and the MASI have consistent correlation throughout the four seasons. But the correlation may be due to different causes. Previous studies suggested that AMs in MAM, JJA, and DJF are closely related to the decadal warming of the IndoPacific warm pool (e.g., Ma and Li 2008; Feng et al. 2011 Feng et al. , 2013 . If we remove the linear trends of the MASI in all four seasons, the correlation coefficients decrease in MAM, JJA and DJF, whereas they are almost unchanged in SON (Table 1 ). The results imply that the correlation between AMI and MASI in SON is not due to the long-term trend of the MASI. The correlation between AMI and AMOI in SON (R 5 0.57) is much larger than those in the other seasons, indicating that the AMO in SON has unique impact on the AM.
If we regress the zonal mean SSTA onto the AMOI, the regressed SSTA at the equator displays warm centers in MAM and DJF. Given that the climatological SST is warmer at the equator than the off-equatorial region, the SSTA peaks at the equator may induce upward motion around the equator, which can be observed through the AMOI regressed zonal mean vertical velocity at 500 hPa. But in SON, the regressed SSTA shows a large cross-equatorial gradient yet nearly no warming at the equator; this would induce off-equatorial upward motion in the Northern Hemisphere, which is observed through the regressed vertical velocity. Held and Hou (1980) also suggest that the off-equatorial heating can induce an AM-like HC anomaly. In JJA, the SSTA profile matches well with that in SON, but there is anomalous warming in the southern tropics (08-208S), which weakens the cross-equatorial SST gradient. Thus, the Northern Hemisphere off-equatorial upward motion is only about half of that in SON. This result is also consistent with those in Figs. 13b and 13c , in which the explained variance of HC by AMO in JJA is similar to that in SON, but is much smaller. There are also studies addressing the idea that the AMO in SON has special climate impacts. Goswami et al. (2006) pointed out that the AMO in boreal late summer and autumn induces a strong meridional tropospheric temperature gradient, which can impact the Indian summer monsoon rainfall.
More evidence can be found through numerical simulation. When the AMO-related SSTA is imposed throughout the seasons with CAM5, in the same manner as in SON, the asymmetry and strength of the circulation response in MAM, JJA, and DJF is much weaker than that in SON; among these MAM is the weakest (figure not shown). The model simulation results are consistent with the observational analysis, also suggesting the unique impact of boreal autumn AMO on HC.
As to the formation of the SST pattern, involving complex processes of air-sea interaction, we hope to explore these issues in the future work. The present study can also promote our understanding of the HC variability and the influences on the tropical climate. But the underlying dynamical mechanisms still need further study.
b. Summary
Previous studies have demonstrated that the variability of HC in MAM, JJA, and DJF is dominated by two modes, the AM and SM. The AM shows a long-term trend that is closely linked to the Indo-Pacific Warm Pool (IPWP) warming. The SM shows interannual variability that is related to the ENSO (e.g., Ma and Li 2008; Feng et al. 2011 Feng et al. , 2013 . In this study, we focus on the HC variability in boreal autumn, which has been less prominent in previous studies. We found that the HC variability in SON is also dominated by an AM that has an explained variance of approximately 40%. It shows obvious multidecadal variability, unlike the other three seasons. The multidecadal variability of AM is closely related to the AMO. Further analysis demonstrates that in MAM and DJF the AMO is associated with anomalous warming at the equator, which failed to induce asymmetric circulation anomaly. In JJA, the crossequatorial SST gradient is smaller in SON, resulting in a much weaker asymmetric circulation anomaly. We also found that the AM in SON has close relationship with the tropical land precipitation. The AMI has reversed correlation with the land precipitation between NT and ST. The precipitation difference between NT and ST also shows robust multidecadal variability.
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